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Abstract 

A magneto-optically active thin film of RbjCofc[Fe(CN)6]r^H20 has been prepared using a se- 
— ^ quential assembly method. Upon irradiation with light and at 5 K, the net magnetization of the 

Q ■ film increased when the surface of the film was oriented parallel to the external magnetic field of 

o : 

0.1 T. However, when the surface of the film was perpendicular to the field, the net magnetiza- 
tion decreased upon irradiation. The presence of dipolar fields and the low-dimensional nature of 
the system are used to describe the orientation dependence of the photoinduced magnetization. 
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\^ . The ability to increase or decrease the photoinduced magnetization by changing the orientation 
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Tj" \ of the system with respect to the field is a new phenomenon that may be useful in future device 
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applications. 



The magnetic properties of thin films can be different from those of bulk materials and 
may exhibit anisotropy originating from the low-dimensional character of the systems. The 
high surface to volume ratios of thin films are often advantageous in magneto-optical studies 
since more photons can interact with the system without being attenuated.— We adopted a 
sequential assembly method to generate a magnetic, optically-controllable, thin film based on 
a Prussian blue analogue, a class of molecular magnets consisting of octahedral [M(CN)6]"~ 
complexes bridged through metal ions.^ In this letter, we report the first example of a thin 
film in which an increase or decrease of the photoinduced magnetization was controlled by 
the orientation of the system with respect to the applied magnetic field. 

A sequential synthesis protocol^ was used to generate a thin film whose general chemical 
formula was RbjCofc[Fe(CN)6]r'^H20. The substrate, a mylar sheet (thickness ~ 100 yum), 
was repeatedly immersed, for 20 cycles, in a 5 x 10~^ M aqueous solution of cobalt (11) ni- 
trate and then in a mixed solution of 2 x 10^^ M potassium ferricyanide and 1.25 x 10~^ M 
rubidium nitrate. The metal ratios used to prepare the film yield bulk samples with formula 
Rbi.8Co4[Fe(CN)6]3.3-13H20.'^ While the composition of the film has not yet been chemi- 
cally confirmed, the magneto-optical properties, which in this series are very sensitive to 
composition,^ are consistent with this approximate formula. Based upon atomic force mi- 
croscope (AFM) and scanning electron microscope (SEM) studies, the film was determined 
to be continuous and to have an average thickness of about 200 nm and roughness of 50 nm. 
The resulting film was cut into squares and stacked into a polycarbonate sample holder. A 
bundle of optical fibers was introduced to the stacked films and connected to a room tem- 
perature halogen light source. Using a commercial superconducting quantum interference 
device (squid) magnetometer, the magnetization of the sample was investigated from 5 K 
to 300 K and in fields up to 7 T. 

The photoinduced magnetism in Prussian blue analogues has been extensively studied 
over the last decade , ^i^'^i^i7i?i?ii?ii^i^^i^?i^^i^?i^^i^7ii§ii? and the family of cobalt hexacyanoferrate 
was one of the first examples in which the diamagnetic to ferrimagnetic transition was 
observed upon irradiation with visible light. More specifically, in its dark state, the bulk 
compound RbjCoA;[Fe(CN)6]r'^H20 contains a mixture of two dominant spin configurations 
below Tq ~ 20 K, see Table 1. The relative population of each state can be controlled by 
chemically tuning the Co/Fe ratio of the sample.— i^ Upon irradiation with light, an electron 
from the Fe^^(LS, S = 0) ion transfers to the Co^^^(LS, S = 0) ion within the diamagnetic 



sites, creating a ferrimagnetic spin state, namely Fe™(LS, S = l/2)-CN-Co^^(HS, S = 3/2), 
Table l^ilMl In other words as a consequence of the irradiation, the net magnetization of 
the compound increases, and the metastable Fe"^(LS)/Co"(HS) state is maintained as long 
as the sample is kept below approximately 150 K. 

The photoinduced increase of the magnetization of our film is shown in Fig. 1(a), and this 
effect was observed when the surface of the film was parallel to the external magnetic field 
(He II film) of 0.1 T. This observation is consistent with the measurements made on bulk 
powdered samples.— i^^i^ However, under the same experimental conditions (i.e. the sample 
was field-cooled^S to 5 K with He = 0.1 T, and then subsequently exposed to light), the net 
magnetization decreased when the film was oriented perpendicular to the field (He -L film), 
as shown in Fig. 1(c). 

The anisotropy of these magneto-optical effects was sustained in the temperature de- 
pendences of the field-cooled (fc) and zero-field-cooled (zfc) magnetizations, see Figs. 1(b) 
and 1(d). In both orientations, the divergences between the zfc and fc magnetizations are 
consistent with cluster spin-glass behavior and indicate the existence of interacting ferri- 
magnetic domains. As a result of photoinduced spin creation, the temperature where the 
zfc magnetization achieves its maximum value has shifted towards higher temperatures, and 
this behavior can be described as an increase in the size of the spin clusters . ^^i-^^ This ar- 
gument also explains the photoinduced increase of Tq when He || film. Fig. 1(b). When 
He J- film. Fig. 1(d), the photoinduced increase of Tc is more subtle, as it competes with 
cluster spin-glass effects. 

The anisotropy of the magneto-optical properties of our film arises from an interplay 
between the low-dimensional nature of the system and the dipolar magnetic fields gener- 
ated by the ferrimagnetic domains. This interactive relationship is shown schematically in 
Fig. 2, for the case where He -L film. When the sample is cooled from room temperature to 
below Tc, the primordial spin configurations consist of ferrimagnetic domains surrounded 
by diamagnetic regions. Fig. 2(a). This arrangement arises from the random distribution 
of the local chemical composition of the film. However, structural order is maintained at 
least of the size of the magnetic coherence length, since the Tq values we observe are close 
to the bulk value of ~ 21 KM^ It is important to emphasize that the primordial ferri- 
magnetic domains possess net magnetic moments which have been aligned parallel to He- 
Consequently, the net magnetic field acting on the diamagnetic sites is the vector sum of 



the external magnetic field (He) and the dipolar field (Hd), where Hd is antiparallel to He- 
When illuminated, the diamagnetic site will become ferrimagnetic, and the direction of the 
photoinduced magnetization will follow that of the net field as shown in Fig. 2(b) (where the 
Hd > He), and Fig. 2(c) (where the Hd < He). As a result, the net magnetization of the film 
in the photoinduced state decreases when Hd > He, and this expectation is consistent with 
our result for the photoinduced decrease of the magnetization as shown in Figs. 1(c) and 
1(d). When Hd < He as shown in Fig. 2(c), the net magnetization is expected to increase, 
and this effect was observed experimentally at He = 7 T, see Fig. 2(d). 

For He || film, the net moments of the primordial ferrimagnetic domains align with 
He. Consequently, due to the two-dimensional nature of the film, the diamagnetic sites 
experience a net magnetic field which is always in the direction of He, and the magneto- 
optically induced diamagnetic to ferrimagnetic conversion results in a global increase in the 
total magnetization. Figs. 1(a) and 1(b). 

In summary, using a sequential assembly method, we synthesized a magneto-optically 
active thin film of RbjCofc[Fe(CN)6];-nH20. Below Tc ~ 20 K when the film was placed 
parallel to the external magnetic field, the net magnetization increased upon irradiation 
with light. However, when the film was oriented perpendicular to the external field, the net 
magnetization in the photoinduced state decreased. The anisotropy of these magneto-optical 
properties arises from an interplay between the low-dimensional nature of the system and 
the dipolar fields. The ability to increase or decrease the photoinduced magnetization by 
changing the orientation of the system with respect to the field is a new phenomenon, 
heretofore not observed in magnetic thin films, and provides a novel mechanism that may 
be useful in future device applications. 
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TABLE I: Spin configurations of RbjCofc[Fe(CN)6]rnH20 when T < Tq. 
States Spin Configurations "" 

Diamagnetic Fe"(LS, S = 0)-CN-Co"^(LS, 5 = 0) 

Ferrimagnetic Fe"i(LS, S = l/2)-CN-Co"(HS, S = 3/2) 



^LS — low spin and HS = liigli spin. 



FIG. 1: Time and temperature dependences of the magnetization of photoinduced (light) and dark 
states, when the external magnetic field is parallel to the film (a, b) and perpendicular to the film 

(c, d). 

FIG. 2: Schematic description of the spin configurations of the domains in the film when 
He -L surface, where He is in the +z direction. Here, the clear and the shaded arrows repre- 
sent Co (HS, S = 3/2) and Fe (LS, S = 1/2) respectively. In (a), the primordial ferrimagnetic 
domains coexist with diamagnetic regions when cooled to T < Tq before irradiation. The net 
magnetic field on the diamagnetic site is a vector sum of the external magnetic field (He) and the 
dipolar field (Hd) produced by the ferrimagnetic domains. In (b), at T < Tq and Hd > He, the 
diamagnetic regions are magneto-optically converted to ferrimagnetic ones, and the newly formed 
ferrimagnetic net moments point in the —z direction, resulting in a decrease of the net magnetiza- 
tion. In (c), the photoinduced ferrimagnetic net moments point +z direction since Hd < He, and 
in this case, the net magnetization increases in the photoinduced state, as observed experimentally 
when He = 7 T, see (d). 
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Figure 1. J.-H. Park, Applied Physics Letters. 



(a) Dark, T <T^. .■■-., ^ 

fA A A 1 \ ^^^ Z 



lUlLI* 



Ferrimagnetic 



Diamagnetic 



(b) Light, T<Tc, Hd>He 

fA A A > 



C 



4UiU* 



V 



Ferrimagnetic 



Photo-induced 



(c) Light, r<rc, Hd<He 

^ A A 1 A 



4ll4lli 



Ferrimagnetic 
(* f 3.0 

s 

■^ 2.9 



Photo-induced 



X. 



2.8 



- He = 7T 


.^T"- 


r=5K 


light on 


/ light off 



20 40 

Time (Min) 



Figure 2. J.-H. Park, Applied Physics Letters. 
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